Introduction {#sec1-0300060520931242}
============

Colorectal cancer (CRC) ranks third in terms of incidence, but second in terms of mortality throughout the world.^[@bibr1-0300060520931242]^ Although significant progress has been made in the early diagnosis and treatment of CRC, the local invasion and distant metastasis of cancer cells leads to death in many cancer patients.^[@bibr2-0300060520931242]^ Cancer cell metastasis undergoes detachment, migration, invasion, and adhesion. These four important steps are related, and they are influenced and regulated by a variety of biomolecules and factors in the process of tumor metastasis.^[@bibr3-0300060520931242]^ Epithelial--mesenchymal transition (EMT), one of the main mechanisms of CRC metastasis, is conducive to cell detachment and migration into surrounding tissues and the formation of new tumor tissue at distant sites.^[@bibr4-0300060520931242]^ Therefore, it is of great importance to study the molecular mechanism of EMT in CRC cells.^[@bibr5-0300060520931242]^

Fibroblasts, the main stromal cells in the tumor microenvironment, play an important role in CRC invasion and metastasis.^[@bibr6-0300060520931242]^ However, the mechanism of these effects has not been clarified. Fibroblasts in the tumor microenvironment, which are known as a cancer-associated fibroblasts (CAFs) or myofibroblasts, are the most abundant type of stromal cells that surround cancer cells.^[@bibr7-0300060520931242]^ CAFs are a diverse population of cells with different origins and phenotypes. In different tumor types, the composition and function of CAFs and normal fibroblasts (NFs) are different.^[@bibr7-0300060520931242],[@bibr8-0300060520931242]^ Circulating tumor cells (CTC) originate from either the primary or metastatic sites, while the importance of detecting CTCs is associated with active disease, tumor progression, and metastatic potential, making them a strong prognostic biomarker and providing the advantage of avoiding a new biopsy.^[@bibr9-0300060520931242]^ Therefore, further elucidating the mechanism of colon cancer metastasis is key to reducing postoperative recurrence and metastasis and improving prognosis.

In addition, copper is a trace element that is necessary for the basic biological processes of all organisms. Copper provides and accepts electrons and facilitates the switch between a reduction and oxidation state, which causes copper to act as a catalytic cofactor for many key functional enzymes in the body, and thus, it plays an important biological role.^[@bibr10-0300060520931242]^ Moreover, copper is a component of many important enzymes. Copper ions are involved in the synthesis of many important enzymes in the human body, such as cytochrome oxidase, which is an electron transport enzyme that is involved in cell respiration; superoxide dismutase, which participates in free radical detoxification; and lysine oxidase (lox) and tyrosine enzymes, which synthesize connective tissue.^[@bibr11-0300060520931242]^ However, free copper ions produce high levels of reactive oxygen species (ROS) because of their redox activity. When the copper content is too high in an organism, copper binds excessively to proteins and nucleic acids or causes lipid oxidation of various membranes to damage cells. Therefore, the lack of copper or excessive copper accumulation in cells can cause serious diseases, such as Menkes and Wilson (WD) diseases, which are genetic diseases.^[@bibr12-0300060520931242]^ For example, dietary copper affects the regulation of peripheral blood flow and blood vessel integrity, while copper sufficiency restores the normal antioxidant function in blood vessels. Moreover, dietary copper deficiency may manifest as increased formation of advanced glycation end-products (AGEs), which in turn may result in vascular injury and increased susceptibility to ischemic heart disease (IHD) especially in diabetes patients and those with metabolic syndrome.^[@bibr13-0300060520931242]^

Recent studies have shown that there is a close link between copper and the development of cancer.^[@bibr14-0300060520931242]^ Ishida et al.^[@bibr14-0300060520931242]^ noted that changes in the copper element in the tumor microenvironment can partially mediate the tumor metabolic phenotype; when the concentration of copper in the drinking water was too high, tumor growth was promoted in a mouse model of pancreatic cancer. Copper has been used as a central regulator of normal and tumor angiogenesis to regulate many angiogenesis reactions.^[@bibr15-0300060520931242]^ Angiogenesis and the acquisition of angiogenic phenotypes are very important for the proliferation of cancer cells.^[@bibr16-0300060520931242]^ Copper promotes angiogenesis through various pathways; for example, copper improves the growth and development of vascular endothelial cells and regulates the synthesis and secretion of angiogenesis-promoting mediators (such as fibroblast growth factor and vascular endothelial growth factor).^[@bibr17-0300060520931242]^ Copper can bind directly to angiogenin to enhance its activity.^[@bibr17-0300060520931242][@bibr18-0300060520931242]--[@bibr19-0300060520931242]^ Copper may also affect cancer cell invasion of surrounding tissues or transfer to distant organs. Herein, lysine oxidase contributes to the remodeling of the extracellular matrix and the establishment of the microenvironment at the metastasis site, and its activity is dependent on copper.^[@bibr20-0300060520931242]^ Tetrathiomolybdate (TM) is a highly specific copper chelating agent that inhibits tumor angiogenesis.^[@bibr12-0300060520931242],[@bibr21-0300060520931242]^

Currently, traditional two-dimensional cell culture technology is a common method of cell culture that is used for *in vitro* tumor research because the technique is easy to use, economical, and well established.^[@bibr22-0300060520931242]^ However, the two-dimensional cell culture system lacks a three-dimensional (3D) scaffold that is composed of extracellular matrix, and the dynamic spatial structure of cell--cell and cell--extracellular matrix interactions, and the overall microenvironment that is required for cell growth and differentiation cannot be formed.^[@bibr23-0300060520931242]^ Because the biological response and biological function that are reflected in studies using the two-dimensional cell culture techniques are probably different from those of tissue cells *in vivo*, 3D cell culture may solve this problem. 3D cell culture technology allows cells to grow in a 3D space and form a specific 3D structure where they can interact with the surrounding cells and extracellular matrix and other components of the microenvironment in a 3D manner.^[@bibr24-0300060520931242]^ Therefore, in this study, we established a 3D cell co-culture model to determine the role and mechanism of TM in CAFs in colon cancer and to explore the associations between the focal adhesion kinase (FAK) pathway and EMT in CAFs. Our study provides a new way to study the biological behavior of tumors.

Materials and methods {#sec2-0300060520931242}
=====================

Cell source {#sec3-0300060520931242}
-----------

Human colon cancer LOVO cells were purchased from the Cell Resource Center of Shanghai Academy of Science, Chinese Academy of Science (Shanghai, China). The fresh colon cancer tissue and the normal colon tissue with a diameter of about 10 cm were removed from the same patient under sterile conditions. The NFs used experiment were originally isolated from the same patient. The investigation project and its related consent forms have been examined and certified by Ethics Committee of The Affiliated Hospital of Inner Mongolia Medical University, which approved the study. Patients provided verbal consent to participate in the study. CAFs were induced from the co-culture of human colon cancer LOVO cells and NFs.

Cell culture {#sec4-0300060520931242}
------------

Cells were cultured in 10% FBS, 89% DMEM (Biological Industries, Kibbutz Beit Haemek, Israel), and 1% streptomycin double antibody complete culture solution (Invitrogen, Carlsbad, CA, USA). Cell cultures were incubated in a humidified atmosphere of 95% air and 5% CO~2~ at a constant temperature of 37°C.

Co-culture of human colon cancer LOVO cells and NFs {#sec5-0300060520931242}
---------------------------------------------------

LOVO cells (100 µL, approximately 1.2 ×10^6^ cells/mL) were inoculated into a 0.4-µm upper co-culture chamber, and 600 µL of NFs (approximately 6.7 × 10^4^ cells/mL) were inoculated into the lower co-culture chamber. The cells in the upper and lower chambers were added at the same time, and the indirect culture conditions were maintained for 5 days. The morphology of the cells in the lower chamber was observed by inverted microscopy and photographed, and the cells in the lower chamber were collected and identified in the next step.

Identification of cancer-associated fibroblasts {#sec6-0300060520931242}
-----------------------------------------------

### Immunohistochemical {#sec7-0300060520931242}

The cover slide was immersed in the configured polylysine (Beijing Boosen, Beijing, China) working solution for 5 minutes and put it in a 6-well plate. NF cells and co-cultured NFs (about 1 × 10^6^ cells) were cultured in a constant-temperature incubator to 50 to 70% confluence. The original medium was discarded and the cells were washed twice with PBS. Paraformaldehyde (2 mL) was then added for 20--30 minutes to terminate the culture for immunocytochemical staining of α-smooth muscle actin (α-SMA) using the S-P kit (Fuzhou Maixin Co., Ltd., Fuzhou, China) method. Finally, the proportion of cells marked by α-SMA protein in the total number of cells that were observed in the microscopic field of vision was calculated.

### Immunofluorescence {#sec8-0300060520931242}

The cells in each group were spread well, and they were fixed in 4% paraformaldehyde for 10 minutes and rinsed three times for 5 minutes each with phosphate buffered saline (PBS). The cell membranes were then permeabilized with 0.5% Triton X-100 (Fuzhou Maixin Co., Ltd.), and the cells were rinsed three times for 5 minutes each with PBS. Goat serum was added and the cells incubated for 30 minutes at room temperature. Then, an α-SMA antibody was added and the cells incubated overnight at 4°C. PBS was used to rinse the cells three times for 5 minutes each, and a fluorescent secondary antibody was incubated with the cells at 37°C for 1 to 2 hours. The cells were then washed with PBS for 5 minutes, stained with DAPI for 5 minutes, and washed with PBS for 5 minutes. Finally, images were collected under a fluorescence microscope.

For a description of the protein expression level (α-SMA) methods, see the description of the western blotting below.

NF cell cycle and co-culture using flow cytometry {#sec9-0300060520931242}
-------------------------------------------------

Based on the cell cycle kit instructions (BD Biosciences, San Jose, CA, USA), each cell sample was incubated with 250 µL trypsin buffer at room temperature (20--25°C) for 10 minutes. Then, the mixture of 200 µL trypsin inhibitor and RNase buffer was incubated at room temperature for 10 minutes. The pre-cooled (2--8°C) PI solution was added and incubated at 4°C for 10 minutes. The NF cell cycle and co-culture were analyzed using flow cytometry, and the results were analyzed using the cell cycle fitting software ModFit (Verity Software House, Topsham, ME, USA).

Detection of cell proliferation activity by MTT assay {#sec10-0300060520931242}
-----------------------------------------------------

NFs in logarithmic growth were used to create a 100-µL/well cell suspension (1.5 × 10^4^ cells/mL) and inoculated on a 96-well cell culture plate; the cells were divided into two groups, NFs and co-culture NFs. Cells were analyzed every day from the second day after inoculation. Then, 10 µL of MTT reagent was added to each well. After 4 hours of culture in an incubator, the A570 value was detected, and the mean values were calculated from three replicates in the experiment.

Scratch injury test {#sec11-0300060520931242}
-------------------

LOVO cells (1 mL/well; approximately 5 × 10^5^/mL) that were in the logarithmic growth phase were inoculated onto a six-well plate, and vertical scratches were made with aseptic 20-µL pipette tips after the cells covered the wells. Then, DPBS was used to rinse the wells three times to remove the non-adherent cells from the scratches. Two milliliters of NF-conditioned medium was added before and after co-culture in each group, and three replicates were performed. After 24 and 48 hours, the cells were observed using inverted phase contrast microscopy. Image-Pro Plus 6.0 software (Version X; Media Cybernetics, Silver Springs, MD, USA) was used to measure and calculate the width and cell mobility. The mean values of the experiment were determined from three replicates.

Migration ability of NFs to LOVO cells before and after co-culture {#sec12-0300060520931242}
------------------------------------------------------------------

Matrigel glue was defrosted overnight in a refrigerator at 4°C and diluted in with serum-free medium at a 1:8 ratio. After dilution, 30 µL of Matrigel was added to the upper chamber of the 8-µm Transwell system. The chamber was placed in a cell culture box for at least 30 minutes until the Matrigel was solidified. One hundred microliters of colon cancer LOVO cells (approximately 1 × 10^6^/mL) were inoculated into the upper chamber of the Transwell cells, and 600 µL of NFs (approximately 1 × 10^5^/mL) were added to the lower chamber for co-culture. Cell culture medium was used as a negative control. The upper and lower chamber cells were cultured in complete medium containing 10% serum. The cells were cultured at 37°C for 24 hours in a 5% CO~2~ cell incubator, and the upper chamber was used for staining. The cells were fixed with 4% paraformaldehyde for 20 to 30 minutes, and a cotton swab was used to gently remove the Matrigel glue and cells. DPBS was used to wash the chamber twice for 3 minutes each, and the cells were stained with 0.1% crystal violet for 15 minutes. Next, the chamber was washed twice with DPBS for 3 minutes each. It was then inverted, allowed to dry naturally, and observed under an inverted microscope. The migration ability of LOVO colon cancer cells toward NFs and co-cultured NFs in the matrix environment was analyzed by counting the cells that were attached to the bottom chamber of the membrane without migrating through to the lower chamber. The mean values of the experiment were from three replicates.

Establishment of a three-dimensional cell co-culture model {#sec13-0300060520931242}
----------------------------------------------------------

Matrigel (8--11 mg/mL, Corning Inc., Corning, NY, USA) was added to a 0.4-µm pre-cooled Transwell chamber. The upper and lower chambers were 100 µL and 200 µL wells, respectively. The cells were incubated at 37°C for 30 minutes until the Matrigel solidified, and 80/90% logarithmic growth cells were used for routine digestion, resuspension, and counting. The cell density in each group was adjusted to 3 × 10^5^/mL, and resuspended LOVO cells were inoculated in the lower chambers at 250 µL/well. Resuspended CAFs and NFs were inoculated into the upper chambers at 100 µL/well. Then, the cells were incubated for 30 minutes at 37°C. Precooled medium was mixed with Matrigel at 10:1 (final concentration, 0.8--1.1 mg/mL). Mixed medium amounts of 100 µL and 250 µL were added to the upper and lower chambers, respectively, and replaced every 2 days.

Determination of trace elements in cell supernatants by flame atomic absorption spectrometry {#sec14-0300060520931242}
--------------------------------------------------------------------------------------------

The supernatants in each group were collected and centrifuged at 2264 ×*g* for 10 minutes, and the supernatants were retained. Levels of trace elements (Cu, Zn, Ca, Mg, Fe) were determined by BH550s atomic absorption spectrometry.

Detection of LOXL2 by ELISA {#sec15-0300060520931242}
---------------------------

The supernatant from CAFs and NFs were collected to detect the level of LOXL2 that was secreted by these cells in accordance with the LOXL2 assay kit manufacturer's instructions. The reagents were allowed to equilibrate at room temperature, and the samples, standard samples, and HRP-labeled antibody were incubated at 37°C for 60 minutes. The plates were then washed five times, chromogenic liquid was added, and optical density (OD) values were measured at a 450-nm wavelength.

Target protein expression in cells {#sec16-0300060520931242}
----------------------------------

### Western blot {#sec17-0300060520931242}

Cells were collected and added to RIPA lysate buffer (plus 100:1 phenylmethanesulfonyl fluoride (PMSF) and phosphatase inhibitor) for protein extraction, and a bicinchoninic acid (BCA) protein concentration kit (Beyotime, Jiangsu, China) was used to determine the protein concentrations. Equal amounts of protein samples were subjected to SDS-PAGE, transferred to nitrocellulose (NC) filter membranes, and blocked using 5% skim milk powder. After washing the membranes, α-SMA antibody (Proteintech, Rosemont, IL, USA), E-cadherin (1:1000; Affinity Biosciences, Cincinnati, OH, USA; AF0131), N-cadherin (1:5000; Abcam ab76011, Cambridge, MA, USA), FAK (1:1000; Abcam ab40794), P-FAK (1:1000; Abcam ab81298), and glyceraldehyde-3-phosphate (GAPDH) (1:5000; Shanghai Dianyin Biotechnology Co., Ltd., Shanghai, China) antibodies were incubated overnight at 4°C. The membranes were washed again and incubated with secondary antibody (EarthOx Life Sciences, Millbrae, CA, USA) for 1 hour at room temperature. The membranes were washed and detected using an ODYSSEY fluorescence imaging system (LI-COR, Lincoln, NE, USA). Finally, the OD values for each group were analyzed using ImageJ image analysis software (National Institutes of Health, Bethesda, MD, USA).

Statistical analysis {#sec18-0300060520931242}
--------------------

The data were analyzed using SPSS version 22.0 software (IBM Corp., Armonk, NY, USA). The data are expressed as the mean ± standard deviation. Two samples were tested using an independent sample *t*-test. One-way analysis of variance (ANOVA) was used to compare the means of multiple groups. The number of permeable cells containing LOVO cells in each group (invasion test) were analyzed using a Chi-square test. The significance between groups was evaluated using one way ANOVA followed by a least-significant difference post-test. The results were considered to be statistically significant at *P* \< 0.05.

Results {#sec19-0300060520931242}
=======

Morphology before and after co-culture with NFs from colon cancer {#sec20-0300060520931242}
-----------------------------------------------------------------

Under an inverted microscope, NFs were ovoid, uniform in size and regular in arrangement. After co-culture, NFs were spindle-shaped or polygon-shaped, with different cell sizes, and a regular arrangement, and they had binucleated and multinucleated cells and sunken or notched nuclei. [Figure 1a](#fig1-0300060520931242){ref-type="fig"} shows that α-SMA staining of NFs cells was negative and stained blue under a microscope. α-SMA staining of co-culture NFs cells was positive, and more than 90% of cells were stained brown and yellow. These results provide preliminary evidence indicating that co-culture NFs can be activated to CAFs. Morphological observation and identification NFs and co-cultured NFs from colon cancer showed that α-SMA protein expression was significantly higher compared with that in NFs (*P* \< 0.05) ([Figure 1b and c](#fig1-0300060520931242){ref-type="fig"}). To further compare the α-SMA protein expression in NFs and co-cultured NFs from colon cancer, a cellular immunofluorescence technique was used. The results showed that the fluorescence intensity of α-SMA in the cytoplasm was significantly higher in co-culture NFs compared with NFs ([Figure 1d](#fig1-0300060520931242){ref-type="fig"}).

![Morphological analysis (first line, ×100) and chemical staining (second line, ×400) of NFs and co-culture with NFs from colon cancer (a). NFs showed fusiform or star-shaped morphology of the same size, while after co-culture, the morphology of the NFs was fusiform or a polygon with different sizes. This could be observed in the binuclear and polynuclear cells, while α-SMA expression was negative in NFs and positive in co-culture NFs. α-SMA protein expression in NFs and co-cultured NFs from colon cancer was determined using SDS-PAGE and an ODYSSEY fluorescence imaging system (b); calculations were performed using ImageJ image analysis software (c); and the cellular immunofluorescence results are presented (d).\
NF, normal fibroblasts; α-SMA, α-smooth muscle actin; SDS-PAGE, sodium dodecyl (lauryl) sulfate-polyacrylamide gel electrophoresis.](10.1177_0300060520931242-fig1){#fig1-0300060520931242}

Cell cycle of NFs before and after co-culture with colon cancer LOVO cells {#sec21-0300060520931242}
--------------------------------------------------------------------------

The flow cytometry experiments showed that the number of cells in the two groups (NFs and co-cultured NFs) was different, but the percentage of cells in the two groups was 100%. The original data are described as follows: 1) NFs (Diploid; Dip), 100.00%; Dip G1, 28.30% at 6.68; Dip G2, 22.75% at 13.36; Dip S, 48.95%; G2/G1, 2.00; %CV, 3.88; and 2) Co-cultured NFs (Dip), 100.00%; Dip G1, 41.77% at 6.52; Dip G2, 21.21% at 13.04; Dip S, 37.02%; G2/G1, 2.00; %CV, 4.51 ([Figure 2](#fig2-0300060520931242){ref-type="fig"}).

![Cell cycle of human colon NFs and co-culture NFs were analyzed using flow cytometry. NFs (a), co-cultured NFs (b), and cells in the respective cell cycle phase (c). Compared with NFs, \*, *P*\<0.05.\
NF, normal fibroblasts.](10.1177_0300060520931242-fig2){#fig2-0300060520931242}

Flow cytometry results showed that before and after co-culture with colon cancer LOVO cells, the percentage of NF cells in the G0/G1 phase was 30.28 ±1.75% and 45.41 ± 3.19%, the percentage in G2/M phase was 22.28 ± 0.56% and 20.05 ± 1.02%, and the percentage in S phase was 47.43 ± 1.20% and 34.54 ±2.18%, respectively ([Figure 2a, b and c](#fig2-0300060520931242){ref-type="fig"}). Co-cultured NFs at different stages of cell cycle were significantly different compared with NFs (*P* \< 0.05). These results indicate that NF cells after co-culture with LOVO cells are significantly different in the cell cycle. The experimental results confirm the successful establishment of our co-culture model, and lay a solid experimental foundation for the next study.

Effect of NFs on the migration of LOVO cells before and after co-culture {#sec22-0300060520931242}
------------------------------------------------------------------------

Cell proliferation activity was detected using a 3-(4,5)-dimethylthiahiazo(-z-y1)-3,5-di-phenytetrazoliumromide (MTT) assay and is shown in [Figure 3a](#fig3-0300060520931242){ref-type="fig"}. Compared with that of NFs, the proliferation activity of co-culture NFs increased significantly from the second day, and this difference was statistically significant. As shown in [Figure 3b, c, and d](#fig3-0300060520931242){ref-type="fig"}, the cell migration rates before and after co-culture of LOVO cells in the NF group at 24 hours were 16.0 ± 1.2% and 31.6 ± 1.6%, respectively. Moreover, the migration rate of LOVO cells in the NFs group was 25.0 ± 2.8%, and that of LOVO cells in the co-cultured NFs group was 61.1 ± 2.0% (*P* \< 0.01). The results showed that the migration ability of the NF group was significantly higher after co-culture of NFs, and the difference was statistically significant. The effect of NFs on the invasion ability of LOVO cells before and after co-culture is shown in [Figure 3e and f](#fig3-0300060520931242){ref-type="fig"}; the number of invaded cells was 17.33 ± 2.80 in the blank group and 33.50 ± 3.62 in the NF group, and this difference was significantly different (*P* \< 0.001). Additionally, the number of invaded cells in the NF co-culture group was 68.16 ± 3.31, which was significantly higher compared with the NFs group (*P* \< 0.001) and that in the blank group (*P* \< 0.001).

![Growth curve for human colon NFs and co-culture NFs (a). Compared with the NFs, before co-culture, the scratch width of LOVO cells in human colon NF group at 0, 24, and 48 hours, \*, *P*\<0.05; \*\*, *P* \< 0.01 (b); migration width (×40) of LOVO cells in human colon NF group and co-culture NFs (c); comparison of the LOVO cell migration rate in the human colon NF group and co-culture NFs at 24 and 48 hours (d); compared with the NFs, the number of transmembrane LOVO cells in each group; \*, *P* \< 0.05; \*\*, P \< 0.01 (e); and membrane permeability of LOVO cells in different groups in the invasion assay (× 40) (f). Compared with the blank control, \*, *P* \< 0.05; \*\*, *P* \< 0.01; compared with the pre-co-culture, ^\#^, *P* \< 0.05; ^\#\#^, *P* \< 0.01.\
NFs, normal fibroblasts.](10.1177_0300060520931242-fig3){#fig3-0300060520931242}

Changes in copper elements in the tumor microenvironment {#sec23-0300060520931242}
--------------------------------------------------------

There is a close relationship between copper and the occurrence and development of cancer. Thus, ammonium TM, a highly specific copper chelator, was used to investigate the anti-proliferative activity and role of copper in the tumor microenvironment for its potential application in cancer treatment. Trace elements (including Cu, Zn, Ca, Mg, and Fe) in the cell supernatants were determined using flame atomic absorption spectrometry. As shown in [Figure 4a](#fig4-0300060520931242){ref-type="fig"}, we observed that the copper content in the LOVO group was significantly lower compared with the LOVO+CAF group and the LOVO+NF group; the opposite results were found for the zinc content, and the differences were statistically significant (*P*~Cu~ = 0.001; *P*~Zn~ = 0.001). Additionally, there was no significant difference between the concentrations of calcium, magnesium, and iron. The content of copper in the TM group was significantly lower compared with the LOVO+CAF group (t = 15.553, *P* \< 0.01). These results suggested that TM could chelate copper in the tumor microenvironment.

![Trace elements in cell supernatants were determined using flame atomic absorption spectrometry, compared with the LOVO, \*, *P*\<0.05; \*\*, *P* \< 0.01 (a); compared with the LOVO+NFs, ^\#^, *P* \< 0.05; ^\#\#^, *P* \< 0.01. LOXL2 expression levels were determined in co-culture models (b). Compared with the NFs, \*, *P* \< 0.05; \*\*, *P* \< 0.01.\
NFs, normal fibroblasts.](10.1177_0300060520931242-fig4){#fig4-0300060520931242}

LOXL2 expression {#sec24-0300060520931242}
----------------

Cryopreserved CAFs retain their biological characteristics and can be used for follow-up experimental studies. We next established a co-culture model and detected the LOXL2 expression level in the tumor microenvironment. In [Figure 4b](#fig4-0300060520931242){ref-type="fig"}, LOXL2 levels that were secreted by NFs and CAFs, as determined using an ELISA kit, were 111.40 ± 7.03 pg/mL and 152.69 ± 6.36 pg/mL, respectively, which were significantly higher compared with NFs (t = 8.713, *P*\<0.01). The above results indicate that copper and LOXL2 levels in the microenvironment of LOVO colon cancer cells are much higher compared with those in the normal tissue microenvironment or single tumor cell microenvironment, and these components may be necessary for tumor cell invasion and metastasis. Thus, LOXL2 also plays an important role in a variety of biological reactions.

E-cadherin and N-cadherin expression {#sec25-0300060520931242}
------------------------------------

The expression of cell target proteins (E-cadherin and N-cadherin) in each group was determined by western blot. As shown in [Figure 5a and b](#fig5-0300060520931242){ref-type="fig"}, compared with that in the LOVO group, the E-cadherin expression level in the LOVO+CAF 3D co-culture group was significantly lower (18.48%, *P*\<0.05), and that of N-cadherin was significantly higher (61.525%, *P*\<0.05). The decrease in epithelial cell markers and the increase in stromal cell-related markers suggest that CAFs can promote EMT in LOVO colon cancer cells. Compared with that in the co-culture group LOVO+CAF, the expression of E-cadherin in the TM group increased significantly (*P*\<0.05), while the expression of N-cadherin decreased significantly (*P*\<0.05). The results showed that TM inhibited the epithelial--stromal transformation of colon cancer LOVO cells. FAK is an important molecule for cell migration, and we further examined the expression of members of the FAK pathway by western blot. The expression of FAK in the LOVO group, CAFs co-culture, and TM treatment was 0.20 ± 0.02, 0.21 ± 0.02, and 0.16 ± 0.01, respectively, and the expression of P-FAK was 1.31 ±0.06, 1.59 ± 0.04, and 0.69 ± 0.06, respectively. There was no significant difference in FAK expression between CAF co-culture group and LOVO group, while P-FAK expression was significantly increased in the CAF co-culture group compared with the LOVO group (*P* \< 0.05). FAK and P-FAK in the CAFs co-culture group were significantly higher compared with those in the TM treatment group (*P* \< 0.05). Therefore, above results confirmed that CAFs could promote FAK phosphorylation in LOVO cells, while TM could inhibit FAK phosphorylation in LOVO cells. [Figure 5c and d](#fig5-0300060520931242){ref-type="fig"} shows that CAFs may be responsible for FAK activation and phosphorylation. Additionally, TM inhibits FAK activation and the occurrence of EMT in colon cancer cells. Therefore, the FAK pathway is involved in EMT in colon cancer cells that are induced by CAFs.

![Effect of interstitial cells in the tumor microenvironment on EMT in LOVO colon cancer cells. Expression levels of cell target proteins (E-cadherin and N-cadherin) were determined by western blot (a, b). Compared with the LOVO, \*, *P* \< 0.05; \*\*, *P* \< 0.01; compared with the LOVO+NFs, ^\#^, *P* \< 0.05; ^\#\#^, *P* \< 0.01. The induction of the FAK pathway, which is involved in EMT in colon cancer cells, by CAFs, was analyzed by western blot (c) and (d).\
EMT, epithelial--mesenchymal transition; NFs, normal fibroblasts; FAK, focal adhesion kinase; CAFs, cancer-associated fibroblasts.](10.1177_0300060520931242-fig5){#fig5-0300060520931242}

Discussion {#sec26-0300060520931242}
==========

Recently, the tumor microenvironment has become a therapeutic target of solid tumors, and it is very important to the progression of tumors. The interstitial microenvironment, which is composed mainly of CAFs, plays an important role in CRC metastasis.^[@bibr25-0300060520931242]^ In addition to CAFs, endothelial cells and various leukocyte populations such as tumor-associated macrophages, were shown to construct a favorable microenvironment to promote tumor growth and invasiveness. From a diagnostic point of view, the role of the fibrinogen-to-prealbumin ratio (FPR) in CRC has not been completely clarified. However, the combination of the FPR, CEA, and CA19-9 could optimize the ability to discriminate between CRC and benign disease.^[@bibr26-0300060520931242]^

Copper is a necessary trace element in the human body. However, if an imbalance occurs, it will lead to various pathological conditions, including the occurrence and development of tumors.^[@bibr27-0300060520931242]^ Copper is a cofactor for many important proteins, and it plays an important role in tumor angiogenesis and tumor cell migration and metastasis.^[@bibr28-0300060520931242]^ Moreover, TM exhibits a higher potency compared with other chelators^[@bibr29-0300060520931242]^ and functions by both binding dietary copper to prevent copper absorption and forming a complex with free Cu and albumin in the blood.^[@bibr30-0300060520931242]^ Clinical cancer trials of TM, which are partially based on the relationship of Cu with angiogenesis,^[@bibr31-0300060520931242],[@bibr32-0300060520931242]^ reported that TM is well tolerated in patients with advanced malignancies. LOXL2 is a copper-dependent oxidase that can catalyze extracellular matrix collagen to cross-link with elastoprotein, inducing fibrosis and maintaining the integrity of the extracellular matrix structure.^[@bibr33-0300060520931242]^ LOXL2 has been shown to be involved in the progression and metastasis of several tumor types.^[@bibr34-0300060520931242]^ However, LOXL2 can regulate many cellular functions, including tumor angiogenesis and EMT, ultimately leading to tumor invasion and metastasis.^[@bibr35-0300060520931242]^ As a new type of copper chelating agent, TM has significant antiangiogenic^[@bibr36-0300060520931242]^ and antitumor effects, including inhibiting tumor proliferation, inducing tumor cell apoptosis, preventing tumor invasion and metastasis, and changing the activation state of many different tumor signaling pathways, which confirm its therapeutic effect against some tumors in clinical trials.^[@bibr12-0300060520931242],[@bibr36-0300060520931242][@bibr37-0300060520931242]--[@bibr38-0300060520931242]^

The process of tumor invasion and metastasis is complex, and it consists of several separate steps. The process of metastasis requires that primary tumor cells lose cell--cell connections, acquire the ability to migrate, and form cell--matrix adhesion complexes to form metastatic foci that move through blood vessels or lymphatic vessels into secondary organs.^[@bibr3-0300060520931242]^ Carcinoma-associated fibroblasts influence tumor initiation, progression, and metastasis within the tumor-associated stroma. This suggests that CAFs would be a potential target for tumor therapy. Here, we selected NFs and CAFs in the tumor microenvironment to co-culture with human colon cancer LOVO cells. Because CAFs come from a variety of pathways, local infiltration of fibroblasts is the main source. Colon cancer LOVO cells activate interstitial fibroblasts to CAFs, which were identified by their morphology, growth behaviors, and immunocytochemical staining. CAFs specifically express α-SMA, and the positive α-SMA expression is a CAF activation marker.^[@bibr39-0300060520931242]^ In this study, CAFs were obtained by indirect co-culture of LOVO cells with NFs, and the specific expression of α-SMA was confirmed by a cell immunofluorescence assay and western blot analysis. During co-culture, NFs act as tumor cells through some special molecular mechanisms during activation, and they enhance the metastasis and invasion of tumor cells. In this experiment, NFs were activated in co-culture, and the invasion ability of tumor cells was also enhanced at the same time. Currently, research on breast cancer, pancreatic cancer, prostate cancer, and other cancer tissues has confirmed that CAFs have a strong secretory function compared with NFs, and this function is involved in the activation of endothelial cells, tumor angiogenesis, and tumor metastasis. Here, we used 3D cell culture to simulate the human tumor microenvironment and create a model that is similar to tumor cells that reflects the actual physiological and pathological environment in terms of gene expression, matrix secretion, and cell function.

The results of cellular immunofluorescence staining showed that α-SMA expression in NFs was negative, while in CAFs, it was highly expressed, and western blot results showed the same results. CAFs express α-SMA specifically, and α-SMA-positive expression is an activation marker CAFs. NFs, however, tended to express low or no α-SMA. α-SMA is a protein with high intracellular expression and low expression on the cell membrane. When the penetration effect of cell membrane is not ideal, the protein expression may be lower compared with the actual content using cellular immunofluorescence. Western blot was performed to determine protein expression in the whole cell. Therefore, these factors may lead to differences.

The flow cytometry experiments were performed after the cells were recovered, and the number of cells in the two groups (NFs and co-cultured NFs) was different, but the percentage of cells in the two groups was 100%. The original data are presented in [Figure 2](#fig2-0300060520931242){ref-type="fig"}. The results showed that the percentage of cells in the G0/G1 phase, the G2/M phase, and S stage was significantly different between NFs and co-cultured NFs. Among them, the G2/M phase and S phase of NFs were higher compared with co-cultured NFs, but the opposite was found in the G0/G1 stage. The results of flow cytometry also showed that NFs and CAFs are different in their cell cycle, and further identified that NFs can be activated by co-culture of colon cancer LOVO cells, thus obtaining the different biological characteristics of CAFs cells. These biological characteristics may be different from the effects of these two cells on tumor cells. It is suggested that CAFs from the previous experiment maintained their biological characteristics and can be used for related, follow-up experimental studies. Additionally, the results of the cell proliferation test also showed that the proliferation activity of co-culture NFs increased significantly starting at 2 days. The results suggest that cancer cells can promote the proliferation of NFs cells.

From research on the origin of CAFs in CRC, specific α-SMA expression was obtained from indirect co-cultivation of LOVO cells with NFs to obtain CAFs, and the obtained cells were confirmed to be CAFs by immunocytochemical staining, cell immunofluorescence, and western blot. α-SMA is considered to be a specific marker for CAFs. Our results also confirmed whether α-SMA is expressed in the NFs group, but it is highly expressed in the co-culture NF group. In particular, the authors identified α-SMA^high^ CAFs that were in direct contact with neoplastic cells.^[@bibr40-0300060520931242]^ Fiori et al.^[@bibr41-0300060520931242]^ reported that CAFs that were generated from normal activated fibroblasts (NAFs) that showed persistent activation by the presence of growth factors to promote tumor initiation. Therefore, the above data concluded that NFs have been converted to CAFs under the effect of certain factors that were secreted by the tumor cells.

We then established a co-culture model and detected copper levels and LOXL2 expression in the tumor microenvironment. The results showed that the copper content was significantly higher in the co-culture group compared with the control group, and the level of LOXL2 secreted by CAFs was higher compared with that secreted by NFs (*P*\<0.05). These results indicate that the levels of copper and LOXL2 in the microenvironment of colon cancer LOVO cells are much higher compared with those in the normal tissue microenvironment or single tumor cell microenvironment. These components may be necessary for the invasion and metastasis of tumor cells. LOXL2 also plays an important role in a variety of biological reactions. Research has also indicated that LOXL2 promoted tumor cell invasion *in vitro* and increased gastric carcinoma metastasis *in vivo*.^[@bibr42-0300060520931242]^

EMT has been associated with increased aggressiveness and the acquisition of migratory properties, providing tumor cells with the ability to invade adjacent tissues.^[@bibr43-0300060520931242]^ EMT is a key step in the start of cell invasion because it leads to the damage of cell-to-cell connections and the motility and invasiveness of tumor cells, thus promoting tumor metastasis.^[@bibr44-0300060520931242]^ Another key step in tumor cell migration is the formation of cell--matrix adhesion, which is regulated by two key proteins in the cell: FAK and Src. Inactivation of either of these proteins can lead to a loss of tumor cell mobility. FAK is activated through a series of phosphorylation events and is involved in the activation and regulation of various cell migration and adhesion signaling molecules.^[@bibr45-0300060520931242]^ Barker et al.^[@bibr46-0300060520931242]^ reported that tumor-secreted LOXL2 activates fibroblasts through FAK signaling. We detected E-cadherin and N-cadherin expression and related protein expression such as FAK and P-FAK. CAFs were shown to promote the development of EMT and phosphorylation of FAK in colon cancer LOVO cells, activate the FAK signaling pathway, and eventually promote distant colon cancer metastasis. The same results shows that CAFs play an important role in the development and progression of cancer by inducing EMT. We also found that TM can chelate copper in the tumor microenvironment and inhibit the activation of FAK and the occurrence of EMT in colon cancer cells.

Conclusion {#sec27-0300060520931242}
==========

Our results show that TM can be used to regulate the micro-environment of colon cancer and the many key steps of tumor metastasis. TM can significantly inhibit colon cancer cell mobility and invasiveness by chelating copper and inhibiting FAK, and thus, reducing colon cancer cell invasion and metastasis. The results provide evidence that CAFs are a target for cancer therapy and show how copper mediates tumor progression at the molecular level. Therefore, TM, which is a novel agent with many potential anti-tumor effects, specifically inhibited colon cancer cells, and it is a potential new candidate for controlling tumor metastasis in colon cancer patients.
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